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ABSTRACT 

The  shielding  effectiveness  of  conductive  glass  at  low  and  intermediate 
frequencies  (100  kc  to  1,000  me)  was  investigated.  A  mathematical  model  was  used 
to  describe  the  absorption  and  reflection.  This  model  is  based  on  a  film  applied  to 
the  glass  substrate  which  represents  a  barrier  with  finite  thickness  and  relative 
conductivity.  Experimental  data  agreed  well  with  theoretical  calculations.  Coated 
glass  exhibits  a  permeability  similar  to  that  of  free  space,  so  that  low-impedance 
attenuation  is  limited  to  the  conductivity  of  the  film.  The  analysis  is  primarily 
concerned  with  high-impedance,  near-field  incident  waves.  Transmission  in  the 
visible  spectrum  was  also  determined  for  several  4-  by  4-inch  conductive  glass 
samples  which  vary  in  surface  resistance  from  9  to  125  ohms/square.  Larger  samples 
(8  by  3  feet)  of  conductive  glass  were  also  investigated.* 


*  Supplement  to  TR-242,  For  Official  Use  Only,  lists  types  of  glass  related  to 
manufacturers. 


Qualified  requesters  may  obtain  copies  of  this  report  from  ASTIA. 
The  Laboratory  invites  comment  on  this  report,  particularly  on  the 
results  obtained  by  those  who  have  applied  the  in  formation , 


INTRODUCTION 


In  the  construction  of  electromagnetic-interference-shielded  buildings,  it  has 
been  customary  to  have  only  one  major  opening,  i.e.,  an  entrance.  Heretofore  most 
EMI-shielded  enclosures  have  been  a  small  area  with  roof,  floor,  and  walls  securely 
bonded  so  that  leakage  in  the  region  14  kc  to  1,000  me  is  negligible.  An  enclosure 
of  this  type  can  offer  attenuations  on  the  order  of  90-100  db,  depending  on  (1)  the 
material  the  walls  are  made  of;  (2)  how  well  the  entrance-exit  is  sealed;  and  (3) 
how  well  the  enclosure  is  constructed.  For  limited  areas  this  approach  is  satisfactory 
and  good  shielding  integrity  can  be  maintained. 

For  larger  buildings,  however,  the  cost  of  such  a  structure  is  prohibitive  and 
cheaper  methods  need  to  be  investigated.  In  particular,  if  90-  to  100-db  isolation 
is  not  the  most  stringent  requirement,  then  cheaper  methods  can  be  used.  In  addition, 
it  becomes  feasible  to  improve  the  asthetic  qualities  of  a  building  by  incorporating 
windows  in  a  normally  windowless  structure.  Windows  would  provide  important, 
though  subtle,  psychological  benefits  for  personnel  inside  the  building.  The  use  of 
commercially  available  conductive  glass  has  been  suggested  for  use  with  buildings 
where  a  lesser  degree  of  shielding  is  required. 

This  report  investigates  the  shielding  qualities  of  large  panes  of  conductive 
glass  to  be  used  in  conjunction  with  buildings  offering  a  degree  of  EMI  shielding  and 
other  shielding  applications  where  visibility  is  required.  Theoretical  calculations 
of  shielding  effectiveness  indicate  close  agreement  with  experimental  data  at  low 
and  intermediate  frequencies.  The  mathematical  calculations  are  carried  out  in 
Appendix  A.  Samples  of  conductive  glass  with  surface  resistivities  (see  Appendix  B) 
ranging  from  9  to  125  ohmv^square,  from  three  manufacturers,  were  evaluated,  and 
data  is  presented  for  each  surface  resistance  measured.  Three  sizes  of  glass  were 
measured  to  determine  their  shielding  effectiveness:  4  by  4  inch,  12  by  33  inch, 
and  3  by  8  feet.  The  light-transmission  qualities  of  samples  of  different  resistivity 
were  measured  and  are  presented  graphically. 

Primarily,  high-impedance  electric  fields  were  chosen  for  investigation 
because  the  conductive  coating  exhibits  a  permeability  comparable  to  that  of  free 
space  although,  because  of  the  conductivity,  some  shielding  to  low-impedance 
fields  is  realized.  Measurements  of  one  sample  are  given  for  magnetic  (low- impedance 
fields. 
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INTRODUCTION 


In  the  construction  of  electromagnetic-interference-shielded  buildings,  it  has 
been  customary  to  have  only  one  major  opening,  i.e.,  an  entrance.  Heretofore  most 
EMI-shielded  enclosures  have  been  a  small  area  with  roof,  floor,  and  walls  securely 
bonded  so  that  leakage  in  the  region  14  kc  to  1,000  me  is  negligible.  An  enclosure 
of  this  type  can  offer  attenuations  on  the  order  of  90-100  db,  depending  on  (1)  the 
material  the  walls  are  made  of;  (2)  how  well  the  entrance-exit  is  sealed;  and  (3) 
how  well  the  enclosure  is  constructed.  For  limited  areas  this  approach  is  satisfactory 
and  good  shielding  integrity  can  be  maintained. 

For  larger  buildings,  however,  the  cost  of  such  a  structure  is  prohibitive  and 
cheaper  methods  need  to  be  investigated.  In  particular,  if  90-  to  100-db  isolation 
is  not  the  most  stringent  requirement,  then  cheaper  methods  can  be  used.  In  addition, 
it  becomes  feasible  to  improve  the  asthetic  qualities  of  a  building  by  incorporating 
windows  in  a  normally  windowless  structure.  Windows  would  provide  important, 
though  subtle,  psychological  benefits  for  personnel  inside  the  building.  The  use  of 
commercially  available  conductive  glass  has  been  suggested  for  use  with  buildings 
where  a  lesser  degree  of  shielding  is  required. 

This  report  investigates  the  shielding  qualities  of  large  panes  of  conductive 
glass  to  be  used  in  conjunction  with  buildings  offering  a  degree  of  EMI  shielding  and 
other  shielding  applications  where  visibility  is  required.  Theoretical  calculations 
of  shielding  effectiveness  indicate  close  agreement  with  experimental  data  at  low 
and  intermediate  frequencies.  The  mathematical  calculations  are  carried  out  in 
Appendix  A.  Samples  of  conductive  glass  with  surface  resistivities  (see  Appendix  B) 
ranging  from  9  to  125  ohms/square,  from  three  manufacturers,  were  evaluated,  and 
data  is  presented  for  each  surface  resistance  measured.  Three  sizes  of  glass  were 
measured  to  determine  their  shielding  effectiveness:  4  by  4  inch,  12  by  33  inch, 
and  3  by  8  feet.  The  light-transmission  qualities  of  samples  of  different  resistivity 
were  measured  and  are  presented  graphically. 

Primarily,  high-impedance  electric  fields  were  chosen  for  investigation 
because  the  conductive  coating  exhibits  a  permeability  comparable  to  that  of  free 
space  although,  because  of  the  conductivity,  some  shielding  to  low-impedance 
fields  is  realized.  Measurements  of  one  sample  are  given  for  magnetic  (low-impedance) 
fields. 


THEORETICAL  CONSIDERATIONS 


The  shielding  properties  of  conductive  glass  have  been  investigated  by 
Hawthorne,  et  alj'^  These  references  present  a  theoretical  and  limited  experi¬ 
mental  treatment  on  the  basis  that  the  glass  and  conductive  film  represent  sections 
of  a  lossy  transmission  line  and  that  the  incident  wave  had  originated  in  the  far 
field;  hence  it  was  essentially  a  plane  wave  by  the  time  the  film  surface  was  reached. 
This  theoretical  treatment  is  adequate  for  frequencies  greater  than  600  mc/sec  (for 
usual  glass  thickness),  but  at  lower  frequencies  the  dominant  field  is  induced  rather 
than  radiated. 

At  low  frequencies  the  shielding  effectiveness  (SE)  was  evaluated  by  treating 
the  film  as  a  metallic  barrier  with  an  absorption  value  related  to  the  thickness  of 
the  film  and  a  reflection  value  that  is  dependent  upon  the  film  conductivity,  07, 
and  the  nature  of  the  incident  wave.  In  addition,  both  the  absorption  and  reflection 
are  frequency-dependent. 

The  agreement  of  the  mathematical  model  for  the  shielding  effectiveness  with 
the  experimental  data  obtained  is  shown  in  Figure  1.  The  decrease  of  SE  for  increasing 
surface  resistance,  R$,  can  be  predicted  theoretically  by  using  the  term  -20  log^  (fr Rs) 
which  appears  in  Equation  46  (Appendix  A).  Doubling  the  value  of  R$  yields  a  6-db 
decrease  in  SE.  This  variation  in  SE  was  determined  experimentally  with  samples  of 
the  conductive  glass.  Figure  2  shows  this  experimentally  determined  decrease  in  SE 
for  an  increase  in  R$. 

There  are  practical  limits  to  the  value  of  R$.  These  limits  are  determined 
primarily  by  the  light-transmission  qualities.  As  Rs  decreases,  the  transmission  in 
the  visible  region  also  decreases.  The  ultimate  selection  of  a  conductive  glass  will 
depend  upon  a  compromise  between  the  surface  resistance  and  the  light  transmission 
required.  Samples  were  obtained  that  had  a  value  of  9  ohms/square;  it  is  now  possible 
to  obtain  samples  as  low  as  2  ohms/square.  The  light  transmission  for  a  2-ohm/square 
sample  is  on  the  order  of  50  percent  or  less.  The  largest  value  of  Rs  obtainable  as  a 
commercial  glass  product  is  about  1-5  megohms/square.  The  SE  for  these  higher 
values  is  very  low;  however,  the  SE  for  an  uncoated  sample  (indicated  by  Rs  =  00) 
was  determined  and  is  indicated  later  in  the  report. 


EVALUATION  OF  SMALL  SAMPLES 

The  experimental  test  setup  is  shown  in  Figure  3.  The  SE  for  the  samples  was 
determined  by  the  solution  of  the  equation  SE  =  20  logiQ  (E1/E2)  where  the  voltage 
measured  is  E|  when  the  sample  is  not  present  and  E2  wnen  the  sample  is  inserted. 
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(This  technique  is  used  to  determine  the  SE  of  any  material^  and  is  not  necessarily 
restricted  to  conductive  glass.)  The  only  precaution  necessary  is  that  the  film  make 
good  electrical  contact  with  the  cavities.  A  metallic  gasket  material  was  placed  on 
the  cavities;  the  gasket  then  made  contact  with  a  fired  conductive  bus  bar  on  the 
periphery  of  the  glass  sample. 

To  determine  SE  (see  Figure  3): 

1.  A  signal  at  the  desired  frequency  was  fed  into  cavity  ^1.  A  spacer  was 
placed  along  the  edges  of  the  cavity  so  that  the  equivalent  spacing  of 
the  glass  sample  was  maintained.  A  direct  signal  was  then  available  to 
the  detector. 

2.  The  local  oscillator  was  set  at  the  proper  frequency  so  that  a  maximum 
was  obtained  on  the  indicator.  The  matching  network  was  then  peaked 
to  indicate  resonance  of  the  tuned  circuit. 

3.  The  attenuator  was  then  increased  until  the  indicator  showed  some 
arbitrary  level;  this  level  was  recorded,  representing  E]  in  db. 

4.  The  sample  was  inserted  in  place  of  the  spacer  and  the  attenuator  was 
shifted  until  the  same  indicated  level  was  reached  as  established  in 
step  3.  The  new  setting  of  the  attenuator  represented  E2  in  db.  The  SE 
was  then  obtained  by  subtracting  E y  (db)  -  E2  (db). 

In  addition  to  the  above,  preliminary  tests  were  made  to  determine  the 
magnitude  of  the  signal  that  "  leaked"  directly  from  the  generator  to  the  detector. 
This  was  accomplished  by  inserting  an  aluminum  plate  of  the  proper  thickness  in 
place  of  the  sample.  Over  the  frequency  range  covered  by  the  tests,  the  signal 
level  from  leakage  was  within  a  few  db  of  the  inherent  noise  level  of  the  detector. 

The  maximum  value  of  SE  that  can  be  measured  with  this  technique  is  limited 
in  two  respects.  (SEmax  occurs  when  E]  is  as  large  as  possible  and  E2  is  as  small  as 
possible,  thus  making  the  difference  large.)  The  first  limitation  is  that  the  coupling 
efficiency  between  the  two  short  probes  is  extremely  poor.  This  difficulty  can  be 
overcome  to  a  certain  extent  using  a  generator  with  higher  outputs  and/or  matching 
networks  between  the  generator  and  the  probe.  The  other  limitation  on  SEmax 
is  the  noise  level  of  the  detector.  The  minimum  value  of  E2  is  determined  (in  the 
case  of  very  low  leakage)  primarily  by  this  noise  level.  In  all  the  tests  the  SEmax 
that  could  be  measured  was  <  106  db. 

For  frequencies  between  500  kc  and  25  me  the  local  oscillator,  crystal  mixer, 
and  IF  amplifier  shown  in  Figure  3  were  replaced  by  the  AN/PRM-1  meter. 
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1.0  10.0  *  100 
Frequency  (me) 

Figure  K  Values  of  shielding  effectiveness  of  10-ohm/ square  Type  "A"  conductive  glass. 
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Surface  Resistance  (ohms/square) 

Figure  2.  Reduction  of  shielding  effectiveness  versus  surface  resistance. 
Reference  resistance  is  10  ohms/square. 


wait  of  screen 


Figure  3.  Block  diagram  of  SE  test  setup. 
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Seven  4-  by  4-  by  l/4-inch  conductive  glass  samples  have  been  measured. 
Resistance  values  range  from  9  to  125  ohms/square.  In  addition  one  sample  with  no 
coating  at  all  (Rj  =  oo)  was  tested.  The  SE  versus  frequency  are  presented  graphi¬ 
cally  in  Figures  4  through  6,  inclusive.  The  data  taken  on  all  of  the  small  samples 
is  summarized  in  Table  I. 

The  samples  received  were  of  two  types  of  construction;  diagrams  are  shown  in 
Figures  7a  and  7b.  The  SE  of  both  the  multiple-ply  and  single-ply  configurations 
was  determined,  but  in  the  frequency  range  under  consideration  the  multiple-ply 
structure  simply  represented  multiple  layers  of  film  in  parallel.  For  example,  5  layers 
of  70-ohm/square  material  gave  about  the  same  SE  as  a  single  layer  of  14-ohm/square 
material. 

Samples  tested  are  listed  in  Table  II. 


Table  I.  Decibel  Values  for  SE  of  Conductive  Glass 


f 

Surface  Resistance  (ohms/square) 

(me) 

00 

10 

9 

20 

70 

709/ 

40 

40k/ 

125 

120 

0.5 

4 

99 

98 

96 

82 

103 

88 

>103 

88 

79 

1.0 

6 

94 

99 

94 

80 

104 

87 

>104 

77 

77 

3.0 

5 

85 

86 

80 

68 

103 

74 

104 

66 

65 

5.0 

5 

87 

89 

83 

69 

102 

75 

106 

66 

66 

10.0 

5 

75 

88 

72 

57 

86 

64 

89 

56 

56 

25.0 

4 

60 

63 

57 

44 

65 

51 

69 

43 

42 

50.0 

5 

52 

55 

50 

37 

54 

44 

58 

35 

36 

100.0 

4 

43 

44 

41 

31 

41 

36 

48 

29 

30 

175.0 

2 

35 

34 

32 

23 

31 

26 

40 

20 

18 

200.0 

4 

38 

40 

34 

25 

30 

27 

40 

23 

23 

250.0 

5 

32 

42 

31 

19 

28 

25 

39 

20 

18 

300.0 

4 

34 

43 

26 

16 

26 

22 

38 

17 

17 

500.0 

3 

28 

34 

25 

15 

20 

12 

33 

11 

13 

700.0 

1 

23 

29 

19 

9 

23 

15 

39 

10 

8 

990.0 

0 

23 

28 

18 

8 

21 

13 

42 

8 

5 

Type 

A 

C 

A 

A 

A 

A 

A 

B 

A 

qj  3-ply 
b/  5-ply 
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Frequency  (me) 

Figure  4,  Measured  values  of  shielding  effectiveness  for  surface  resistances  of  9  ohms/square, 
125  ohms/square,  and  R  =  ao. 
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1.0  10.0  100  100C 

Frequency  (me) 

Figure  6.  Shielding  effectiveness  of  70-  and  20-ohm/square  coated  glass. 


Table  II.  Conductive  Glass  Tested 


Type 

— 

Size 

Resistance 

(ohms/square) 

Number 
of  Layers 

A 

4"  x  4" 

10 

i 

A 

4"  x  4" 

20 

i 

A 

4"  x  4" 

40 

i 

A 

4"  x  4" 

70 

i 

A 

4"  x  4" 

120 

i 

A 

4"  x  4" 

70 

3 

A 

4"  x  4" 

40 

5 

A 

3'  x  8' 

10 

1 

B 

4"  x  4" 

30 

2  sides 

B 

4"  x  4" 

20 

1 

B 

4"  x  4" 

125 

1 

C 

4"  x  4" 

9 

1 

C 

12"  x  30" 

_ 1 

9 

1 

EVALUATION  OF  LARGE  SAMPLES 

A  different  procedure  was  used  in  evaluating  the  large  samples  of  conductive 
glass.  These  samples  were  installed  in  an  existing  portable  screen  room,  which  had 
been  evaluated  for  its  SE  using  the  techniques  set  forth  in  Mi l-E-4957A(ASG).  See 
Figure  8. 

The  room  was  10  by  10  by  8  feet  with  single-layer  walls  of  22-mesh  copper 
screen.  A  portion  of  the  screen  wal !  was  removed  and  replaced  with  a  framework 
designed  to  hold  the  conductive  glass.  The  framework  also  maintained  electrical 
contact  between  the  metallic  film  on  the  glass  and  the  wall  of  the  screen  room. 

The  SE  of  the  room  was  determined,  and  the  deterioration  is  indicated  by  the 
difference  in  the  two  curves  given  in  Figure  9  for  the  12-  by  33-inch  9-ohm/square 
glass  and  in  Figure  10  for  the  8-  by  3-foot  10-ohm/square  glass. 

Photographs  of  the  samples  mounted  in  the  screen  room  are  shown  in  Figures  11 
and  12.  The  data  for  the  12-  by  33-inch  sample  is  given  in  Table  III. 
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Figure  9.  Shielding  effectiveness  of  screen  room  before  and  after  installing  12-  by  33-inch 
sheet  of  9-ohm/square  glass. 
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Figure  10.  Shielding  effectiveness  of  screen  before  and  after  installing  3-  by  8-foot 
9-ohm/square  glass. 
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Figure  11.  A  12-  by  33-inch  conductive -glass  sheet  Figure  12.  A  3-  by  8-foot  sheet  of  conductive  glass 
mounted  in  wall  of  screen  room.  installed  in  wall  of  screen  room. 


Table  III,  Peak  Values  for  12-  by  33-Inch  Sheet  of  9-Ohm/Square  Glass 


f  (me) 

Pi 

P2 

Pl/P2 

20  log  (P1/P2) 

0.2 

16,000 

8.0 

2,000.0 

66.0 

0.5 

18,000 

7.0 

2,570.0 

68.2 

1.0 

25,000 

7.0 

3,571.0 

71.0 

2.0 

20,000 

5.5 

3,635.0 

71.2 

5.0 

12,000 

20.0 

600.0 

55.6 

10.0 

9,000 

30.0 

300.0 

49.6 

20.0 

2,500 

18.0 

139.0 

43.0 

30.0 

170 

4.0 

42.5 

32.6 

50.0 

650 

30.0 

21.6 

26.7 

100.0 

6,500 

100.0 

65.0 

36.3 

175.0 

1,500 

15.0 

100.0 

40.0 

200.0 

850 

13.0 

65.4 

36.3 

250.0 

750 

10.0 

75.0 

37.5 

300.0 

500 

7.5 

66.7 

36.5 

350.0 

2,200 

28.0 

78.5 

37.9 

400.0 

120 

9.0 

13.4 

22.5 

450.0 

130 

40.0 

3.25 

10.2 

500.0 

90 

14.0 

6.42 

16.1 

600.0 

25 

10.0 

2.5 

8.0 

700.0 

40 

5.5 

7.27 

17.25 

800.0 

25 

5.0 

5.0 

14.0 

900.0 

19 

3.8 

5.0 

14.0 

1,000.0 

10 

3.4 

2.94 

9.36 

DETERMINATION  OF  MAGNETIC  SHIELDING  PROPERTIES 

The  magnetic  shielding  effectiveness  of  conductive  glass  is  inherently  poor 
due  to  the  low  permeability  of  the  film.  The  loop  on  the  AN/PRM-1  meter  was 
oriented  to  maximize  the  measured  H-vector  component  of  the  induced  field.  The 
edge  of  the  loop  was  placed  1  inch  away  from  the  surface  of  the  glass  and  was 
centered  in  the  middle  of  the  surface.  Using  a  signal  generator,  and  another  loop 
oriented  similarly  as  a  source,  the  signal  received  from  within  the  enclosure  was 
recorded.  Then  another  set  of  readings  was  taken  with  the  loops  the  same  distance 
apart  and  with  similar  orientation  outside  the  enclosure.  The  ratio  of  these  readings 
versus  frequency  is  presented  graphically  in  Figure  13. 
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Frequency  (me) 

Figure  13.  Low- impedance  field  measurements  for  9-ohm/square  Type  '‘Cn  glass. 


TRANSMISSION  IN  THE  VISIBLE  SPECTRUM  FOR  CONDUCTIVE  GLASS 


The  transparency  of  the  samples  was  determined  using  the  setup  shown  in 
Figure  14.  A  tracing  table  was  used  for  a  light  source  so  that  a  nearly  uniform 
distribution  of  incident  light  was  available  at  the  surface  of  the  sample. 

The  light-sensitive  cell  was  moved  to  several  positions  along  the  surface  of 
the  sample  and  an  average  value  of  intensity  was  obtained.  The  sample  was  removed 
and  the  intensity  at  the  same  distance  from  the  light  source  was  determined.  The 
ratio  I]/l2  x  100  expresses  the  average  transmission  as  a  percentage.  The  same 
procedure  was  followed  for  each  of  the  single-ply  samples.  The  values  of  the  light 
transmission  versus  the  resistivity  of  the  surface  are  shown  in  Figure  15. 

The  light-transmission  qualities  of  the  3-  and  5-ply  samples  of  type  " A'1 
material  are  not  shown  in  Figure  14.  These  percentage  values  were: 

40  ohms/square  5-ply  44.4% 

70  ohm$/square  3-ply  59.6% 


CONCLUSIONS 

1.  The  installation  of  single-ply  conductive  glass  in  an  EMI-shielded  room  will 
provide  shielding  effectiveness  in  the  range  from  15  to  60  db,  depending  on  the 
frequency  under  consideration. 

2.  At  low  frequencies  the  shielding  effectiveness  of  conductive  glass  is  related 
inversely  to  the  value  of  the  surface  resistance.  The  transmission  loss  in  the 
visible  region  increases  with  decreasing  surface  resistance.  A  compromise  between 
light  transmission  and  shielding  integrity  must  be  made. 

3.  In  determining  requirements  for  conductive  glass  in  enclosure  walls,  due 
consideration  for  the  nature  of  the  incident  wave  front  must  be  taken  into  account. 

In  the  near  field,  SE  is  a  function  not  only  of  frequency  but  is  strongly  dependent 
on  distrance  from  the  surface  to  the  source  of  radiation.  When  only  far-field 
effects  need  be  considered,  the  SE  is  determined  by  the  wavelength  of  the  radiation 
and  the  surface  resistance  of  the  glass. 

4.  Multiple-ply  structures  can  be  represented  (at  low  frequencies)  as  equivalent 
single-ply  configurations.  For  a  given  equivalent  surface  resistivity  of  the  multiple- 
ply  construction,  the  light-transmission  loss  is  much  greater  than  in  a  single-ply 
construction. 

5.  In  general,  films  applied  to  the  surface  at  room  temperature  are  more  fragile 
than  those  baked  into  the  substratum. 
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RECOMMENDATIONS 


1.  The  SE  of  conductive  glass  commercial  1/  available  at  this  time  has  been 
investigated  for  both  near-  and  far-field  conditions  ^  for  a  large  variation  in  surface 
resistance,  and  no  further  evaluation  effort  is  recommended. 

2.  Other  methods  of  achieving  acceptable  light  transmission  which  may  offer 
acceptable  values  of  SE  and  are  worthy  of  investigation  might  include  high- 
conductivity  plasmas;  conducting  liquids  confined  to  cells;  new  methods  of  applying 
films  to  glass;  the  use  of  materials  in  films  that  would  achieve  resistivities  lower 
than  2  ohms/square  yet  give  low  light-transmission  loss;  conductive  organic  sub¬ 
stances;  and  high-permeability  materials  that  would  give  better  magnetic  shielding. 
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DEFINITION  OF  TERMS 


A  =  shielding  effectiveness  due  to  absorption 
B  =  correction  factor  used  when  A  <  10  db 
BL  -  reflection  loss  due  to  one  or  more  boundaries 

BL.  =  reflection  loss  due  to  the  i^1  boundary 

c  =  velocity  of  wave  propagation 
E  =  electric  field  intensity  at  any  point  (volts/meter) 

E^  =  initial  value  of  the  electric  field  (volts/meter) 

E1  =  incident  component  of  electric  vector  (volts/meter) 

E  =  reflected  component  of  electric  vector  (volts/meter) 

E^  =  voltage  measured  when  the  sample  is  not  in  the  cavity  (volts) 

E2  =  voltage  measured  when  the  sample  is  in  the  cavity  (volts) 

f  =  frequency  (cps) 

H*  =  incident  magnetic  component  (amps/meter) 

Hr  =  reflected  magnetic  component  (amp^/meter) 

H*  =  complex  conjugate  of  H 

I  =  initial  value  of  currect  distribution  on  dipole 
o  r 

1^  =  initial  intensity  (foot  candles) 

^  -  final  intensity  (foot  candles) 

j  =  V-T 

k  =  €g/eo  =  dielectric  constant  for  glass 
L  =  length  of  dipole  (meters) 
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R  =  sample  resistance  (ohms) 

r  =  separation  between  source  and  surface  (meters) 

R^  =  surface  resistance  (ohms/square) 

— > 

S  =  Poynting  vector 


SEtotal  =  (A  +  BL'  A  >  10  db)/(B  +  BL'  A  <  10  db) 


t  =  film  thickness  (meters) 

w  =  width  of  sample  (arbitrary  units) 

Zf  =  impedance  of  wave  in  film  (ohms) 

z  =  impedance  of  wave  in  glass  (ohms) 

9 

zw  ”  ■mPeclance  of  wave  in  near  field  (ohms) 
a  =  attenuation  constant  (nepers/meter) 

=  2jf/\  (radian^/ meter) 

th 

y i  ”  propagation  constant  through  the  i  medium  =  a  +  jp 
A  =  length  of  sample  (arbitrary  units) 

6  =  =  impedance  of  free  space  (ohms) 

e  =  permittivity  of  glass 
9 

-9  -12 

Cq  -  (1/36^)  x  10  =  8,854  x  10  farads/meter  (permittivity  of  free  space) 

\  =  wavelength  (meters) 

x  10  ^  =  1.257  x  10  ^  henrys/meter  (permeability  of  free  space) 

a  =  conductivity  of  glass  (mho/meter) 

9 

7  =  time  (seconds) 
co  =  2fff 
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Appendix  A 


MATHEMATICAL  DEVELOPMENT  OF  THE  EXPRESSIONS  FOR 
SHIELDING  EFFECTIVENESS 


Shielding  effectiveness  can  be  defined  as  the  reduction  in  level  of  an  EM 
wave  at  a  point  in  space  after  a  conductive  barrier  has  been  inserted  bewteen  that 
point  and  the  source.  The  level  is  reduced  by  absorption  in  passing  through  the 
barrier  and  by  reflection  from  its  boundaries.  For  thin  films  the  dominant  effect  is 
that  of  reflection.  The  reflection  is  governed  primarily  by  the  impedance  of  the 
incident  wave  and  the  impedance  of  the  surface. 

The  attenuation  due  to  reflection  from  each  of  the  surfaces  encountered  can 
be  determined  from  the  boundary  equations  that  must  be  satisfied  by  the  wave.  A 
pictorial  representation  of  the  film-glass  combination  under  consideration  is  shown 
in  Figure  16.  In  addition,  the  boundary  values  are  given  in  Equations  1  to  15. 


Air  Film  Glass  Air 


Figure  16.  Vector  diagrams  for  incident  and  reflected 


wave  components. 
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The  boundary  loss  (BL])  at  surface  I  is  developed  by  introducing  Equations  3, 
4,  and  5  into  2,  obtaining  the  following: 


"12 


z  z  z 

w  w 


06) 


From  Equations  1  and  16,  E 


r 

11 


can  be  eliminated,  and  the  ratio 


z 

w 


+  Zr 
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can  be  established.  This  ratio  can  be  further  expressed  as  the  boundary  loss, 


BL 


1 


-20109,0 


w 


+  Zr 


(18) 


In  a  similar  manner  the  boundary-loss  expressions  for  the  successive  surfaces  may  be 
developed.  Substituting  Equations  8,  9,  and  10  into  7  and  using  the  new  expression 
in  conjunction  with  6  the  boundary  loss  at  surface  IT  can  be  written  as 


2b 


(19) 

Also, 

21*  1 

BL3  =  -20l°9l0  iz  lz, 

(20) 

g  w| 


is  the  boundary  loss  for  surface  HI. 

The  total  boundary  loss  can  be  written  as 


BL  =  BL]  +  BL2  +  BL3  =  20log10 


z  +  zf  z  +  z  ||  z  +  z 
w  f  g  fll  g 


8|Zf||Zj|Z 


(21) 


wi 


The  intrinsic  impedance  of  the  film  can  be  written  as^ 


Ef  =  o  +  j) 


2a  t 


(22) 
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and 


(23) 


The  intrinsic  impedance  of  the  glass  is  developed  as  follows 


“4- 

The  term  ^  e  ranges  from  ^  3  x  10  to  0.3  over  the  frequency  range  of  1  to 
1,000  me;  whereas  the  conductivity  of  glass  is  on  the  order  of  10"^  mho/meter. 

Therefore  coe  >>  a  •  Thus  Equation  24  becomes 
9 


z 
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[K 


f 


but 


k 


so  that 


z9  =  VT 


(25) 


where 


Now  consider  the  impedance  of  the  incident  wave,  zw,  with  particular 
emphasis  on  the  near-field  condition;  i.e.,  the  source  is  close  to  the  surface  of 
interest.  It  has  been  shown^  that  the  field  equations  for  a  short  dipole  (L<<x)  are 
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(28) 


where 


H  ~  H  =  E  =  0 

0  r  tp 


v  =  I  LeJ' (cot  ‘  £r) 
o 


These  components  of  the  field  vectors  E  and  H  are  shown  in  Figure  17,  along  with 
their  relationship  to  the  location  of  the  dipolejn  the  polar  coordinate  system.  It 
is  profitable  to  examine  the  Poynting  Vector  S  to  determine  the  direction  j^n  which 
energy  is  propagated  from  the  short  dipole  under  near-field  conditions.  S  is 
defined  as 


S  =  E  X  H* 


S  = 


r  e  <p 


E  E  0 
r  6 


0  0  H* 

V 


=  rE  H*  -  qE  H* 

e  <p  r  <p 


which  becomes 


5  -  (■*' *tt);  -  (- -fc ■ ♦  7^ 

16ff  c  r  jWr  877-  eQ  c  r  j^r 


(29) 
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Figure  17.  Coordinate  system  indicating  components  E^, 
Er,  and  location  of  short  dipole. 
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The  term  indicating  energy  flow  in  the  Q  direction  as  well  as  one  term  in  r  direction 
are  imaginary  and  represent  energy  stored  in  the  field  and  not  radiated.  Propagation 
occurs  in  the  r  direction  as  indicated  by  the  real  component  of  S  in  that  direction. 
The  impedance  of  the  radiated  wave  is 


z 

w 


1  /3  3 

]_  A  a? 

:rav  V  2 


€  Crco 
o  c 


+  r  CO 


(30) 


Under  the  stipulation  of  near-field  conditions  where  r  <  <  then 


z 

w 


(31) 


The  impedance  of  the  wave  may  now  be  used  to  help  evaluate  Equation  21.  The 
absolute  values  |zw  +  zf|,  |  Zg  +  zf  |,  and  |Zg  +  zw|  can  be  written  as 


31 


Certain  simplifications  of  Equations  32,  33,  and  34  are  in  order  when  &  is  small, 
r  ^  2.5  cm  and  erf  =  10^  mho/meter  (see  Appendix  B).  These  conditions  represent 
the  experimental  values  discussed^  The  dominant  term  in  Equations  32  and  34  is 
1/ (eo60 r)  ,  and,  in  Equation  33,  6yk  takes  precedence.  Under  these  circumstances 
Equation  21  can  be  written  as 


BL  =  20log10 


1 


af 


(35) 


It  is  interesting  to  note  that  parameters  describing  the  glass  itself  have  now  vanished 
and  the  BL  is  due  only  to  parameters  of  the  film.  Equation  35  is  essentially  the 
equation  developed  by  C,  S.  Vasaka^  and  to  a  certain  extent  that  developed  by 
H.  E.  Dinger  and  J.  E,  Raudenbush^  for  the  reflection  from  a  metallic  sheet. 

Absorption  contributes  to  SE  by  reducing  the  wave  intensity  in  passing 
through  the  material  in  question.  Assume  that  the  film  is  homogeneous  so  that  yp 
the  propagation  constant,  does  not  vary  as  a  function  of  the  thickness  t.  Also 
assume  a  wave  function  of  the  form 


E  =  E0exPj  (cot  -  yft) 


(36) 


yf " 


(see  Reference  6) 


y  f 


<p  +  j  sin  <p) 


(37) 


Substituting  Equations  37  and  38  into  36,  and  presenting  the  time-maximized  real 
portion  of  E,  gives 


Re(E)max  =  Eoexp{-  +  ^  Sin[1T^(l£)]} 


(39) 


1/4 


where  cosT^r  -  * 'Jjju  (s’ u?  +  a^)  cos<p  j 

L  Jmax 


(40) 


The  absorption  in  passing  through  a  material  of  thickness  t  with  properties  ot  €  and 
at  frequency  f  =  oo/^n  is 


A  = 


-20  log 


Re  (E) 


max 


10 


(41) 


Equation  39  can  be  simplified  by  considering  the  following  for  the  film: 


so  that 


A  =  20  x  0.43429  t 


{ 


HoeOf 

~ 


(42) 
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A  typical  numerical  value  for  the  absorption  term  A  can  be  determined  where 


t  3?  10  meters 


^  ~  1.25  x  10  ^h/meter 


cr^  =  10  mho/meter 


(JU 


6.28  x  106 


I 


-3 

Then  A  ^  5.44  x  10  db  at  a  frequency  of  1  me;  A  increases  slowly  with  increasing 
frequency,  in  fact  with  •  Thus  it  appears  that  the  absorption  term  A  for  the  thin 
film  can  be  neglected. 

Before  the  absorption  term  can  be  totally  ignored,  however,  a  correction 
factor  must  be  added  to  BL  because  A  is  small.  For  "electrically  thin"  materials/ 
or  A  <  10  db,  the  correction  factor  is 


B  =  20log10  1 


10 


A 

10'  .  .  V 

(cose  -  j  sine) 


(43) 


where 


e  -  3.59  t^yfpcr|. 


The  impedance  of  the  wave  zw  is  much  greater  than  the  impedance  of  the 
film  Zf  over  the  frequency  range  under  consideration  so  that 
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a-  1 


and  the  angle  Q  Is  much  less  than  10  degrees  over  the  same  frequency  range  so  that 


cos Q  a-  1  and  sing  35  Q 


Also  the  factor  10  1  for  small  values  of  A.  Thus  Equation  43  can  be  written  as 


B  =  20  log  ^  0  =  20  log  1Q  (3,59  t^f^af) 


(44) 


This  can  be  combined  with  Equation  35  to  become 


SE,o.al  -  BL  +  B  -  201 So 


3.59  tyJTfjOf  ,  3.59  \0c 


ScW*® 

°  \  a  f 


=  “Sot  “  ,3/2.)  <45) 


'8f(i(2„)3/2f,' 


The  surface  resistance  of  the  film  (from  Appendix  B)  is 


R  =-j- 

s  *CT, 


Thus  Equation  45  becomes 


SEtotol  =  190J2  -  20 '<*!<)  (frR,> 


(46) 
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This  equation  has  been  compared  with  experimental  data  taken  on  a  sample  with  an 
Rs  of  10  ohms/square  and  a  separation  between  radiator  and  surface  of  r  =  1  inch. 
Both  the  experimental  curve  and  Equation  46-are  shown  in  Figure  1. 


Figure  18.  Photomicrograph  of  the  surface  of  Type  "C"  conductive 
glass  with  a  resistance  of  9  ohms/square.  The  bus-bar 
material  is  to  the  left;  the  resistance  surface  is  to  the 
right.  The  light  line  in  the  center  of  the  photograph  is 
the  line  of  demarkation  between  film  and  bus  bar. 
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Appendix  B 

DEVELOPMENT  OF  SURFACE  THICKNESS  AND  RESISTIVITY  OF  FILMS 


For  metallic  films  only  a  few  atomic  layers  thick,  the  conductivity  drops  below 
that  of  the  bulk  material.  The  hypothesis  that  has  been  put  forward  for  this  drop  in 
conductivity  is  that  the  mean  free  path  of  the  conducting  electrons  is  shortened  by 
collision  with  the  boundaries  of  the  film.  For  a  film  thickness®  greater  than  about 
0.  1  of  a  mean  free  path,*  the  conductivity  can  be  considered  that  of  the  bulk  material. 
For  alkali  metals  the  mean  free  path  is  approximately  1450  Angstroms,  so  that  a  film 
thickness  greater  than  145  Angstroms  can  be  considered  to  have  the  bulk  conductivity 
value.  Commercial  metallic  films^  deposited  on  glass  substrata  are  on  the  order  of 
4  x  10 inches  orpsflO^  Angstroms  thick. 

The  film  can  be  represented  as  a  surface  of  thickness  t  with  length  A  and 
width  w.  The  conductivity  is  af  =  A/Rwt.  It  is  convenient  to  define  surface  resis¬ 
tivity  as  Rs  =  R(A/w),  so  that  erf  =  l/Rst.  For  a  low  surface  resistance  (10  ohms/square) 
and  a  thickness  of  4  x  10~2  mils,  the  conductivity  is 


af  = 


10  X  4  X  10-2  X  2.54  X  10"2  x  10"3 


10 


-5 


=  10  mho/meter 


The  texture  of  the  surface  of  the  two  samples  was  examined  under  a  microscope 
with  magnification  of  100.  A  photomicrograph  of  two  types  are  shown.  The  photo¬ 
graphed  portion  of  the  sample  is  shown  in  the  sketch  below.  Figure  18  shows  the 
surface  of  a  9-ohm/square  sample  where  the  film  is  basically  a  thin  layer  of  gold 
which  can  be  applied  to  plastics  as  well  as  glass.  Figure  19  shows  the  surface  of  a 
70-ohm /$q  u  a  re  sample  where  the  film  has  been  fired  into  the  glass  substratum. 


portion  photographed 
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Figure  19.  Photomicrograph  of  the  surface  of  Type  "  A"  conductive 
glass  with  a  resistance  of  70  ohms/square.  The  junction 
between  the  conductive  surface  and  the  peripheral  bus 
bar  is  indicated  by  the  irregular  line  approximately  in 
the  center  of  the  photograph.  To  the  right  is  the  surface 
of  the  film  and  to  the  left  is  the  bus  bar. 
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